Pathologies associated with calcified tissue, such as osteoporosis, demand in vivo and/or in situ spectroscopic analysis to assess the role of chemical substitutions in the inorganic component. High energy X-ray or NMR spectroscopies are often impractical or damaging in biomedical conditions. Low energy spectroscopies, such as IR and Raman techniques, are often the best alternative. In apatite biominerals, the vibrational signatures of the phosphate group are generally used as fingerprint of the materials although they provide only limited information. Here, we have used first principles calculations to unravel the complexity of the complete vibrational spectra of apatites. We determined the spectroscopic features of all the phonon modes of fluor-apatite, hydroxy-apatite, and carbonated fluoroapatite beyond the analysis of the phosphate groups, focusing on the effect of local corrections induced by the crystalline environment and the specific mineral composition. This provides a clear and unique reference to discriminate structural and chemical variations in biominerals, opening the way to a widespread application of non-invasive spectroscopies for in vivo diagnostics, and biomedical analysis. *
INTRODUCTION
Calcium orthophosphates form the main inorganic component of normal and pathological calcified tissues in vertebrates [1] . Apatites (general formula Ca 5 (PO 4 ) 3 X with X = F, Cl, OH), with various degrees of substitutions and defects, contribute 60-70 % to human bones and are of great importance in widespread diseases such as cancer [2] , osteoporosis [3, 4] and craniosynostosis [5] . Most of calcium orthophosphates are biocompatible and plays critical roles in biomineralzation processes. For instance, apatite bioceramics are used in regenerative medicine as bone repair and augmentation, as bone cements, as coatings for bio-inert prostheses, and for bone scaffolding. [6] [7] [8] [9] Calcium orthophosphates are also commonly found in the Earth crust and are considered one of the most abundant sources of phosphorous in the marine environment [10] and are relevant in the geophysics of pegmatite melts [11] , especially for their ability to readily accept substitution(s) from a large variety of ions. For the same reason, they are attractive for nuclear waste management and water remediation [12, 13] . Very recently, calcium orthophosphates have been recognized also in plant leaves, opening brand new scenarios on the role of carbonate biominerals in replacing the common plant biomineral silica [14, 15] .
The functional bio-properties of apatites rely heavily on the shape of the nanocrystals [16] which, in turn, depends on the specific composition. For instance, the fluorine rich apatite platelets in teeth are neddle-like [17] whereas the spheroidal nano-crystals in bones are mainly carbonated hydroxy-apatites [18] . Therapeutic treatments for osteoporosis, such as fluorine therapy, aim to influence the chemical composition of the mineral component of bones in order to improve the mechanical properties that result from the morphology and the size of the apatite crystals dispersed in the collagen matrix [3, 19] . More generally, clinical applications require standardized protocols for biomaterials recognition, that, to date, have not been analytically defined, since the characterization of the physicochemical properties of biogenic minerals is far from being completed.
Many experimental techniques have been used to inspect the subtle structural changes associated with the specific chemical composition in apatites. X-ray spectroscopies (such as XPS photoemission [16, [20] [21] [22] and NEXAFS absorption [23] [24] [25] spectra) or NMR [26] [27] [28] [29] result to be very efficient in this regards, being able to relate single spectral features to both atomic structure and chemical composition. As illustrative example, we included in the Supplementary Information (SI) simulated the X-ray core level photoemission spectra of the O 1s level relative to three prototypical apatite structures, which differ in the chemical composition (see also Figure 1 ). The resulting shifts of the core level binding energies clearly pinpoint to the different local chemical environment induced by the specific atomic substitution (e.g. fluorine with hydroxyl or a phosphate with a carbonate unit). Nonetheless, such analysis requires high-cost instrumentations usually available in dedicated facilities (e.g. synchrotron radiation lines) and works in conditions (e.g. ultra high vacuum, highenergy radiations, controlled temperature) that make their use unsuitable for clinical and biomedical applications. Low-energy vibrational techniques (e.g. IR, and Raman) are often desired due to their non-invasive non-destructive character which is suitable for in vivo and/or in situ analysis. In those case, an overall map of the vibrational spectra is essential to fingerprint the structural and chemical effects of biominerals. Unfortunately, such structural and chemical features are much more difficult to identify in vibrational spectroscopies (compared to X-ray ones) as they cause complex modifications of the spectra (e.g. degeneracy breaking, structured multipeaks, and intensity changes of the active modes) that are not easy to disentangle. First principles calculations, having a direct access to structural, electronic, and vibrational properties of materials, clarify the subtle interplay between chemical composition and optical spectra; in turn they helps to understand chemistry-morphology relationships in biominerals.
So far, the standard approach to inspect apatites with vibrational spectroscopies was the recognition, within the entire spectra, of the four characteristic vibrational modes of the phosphate subunits.
In apatites, the phosphate groups are stabilized as orthophophate anions PO 3− 4 (i.e. fully deprotonated form), electrostatically compensated by the surrounding Ca 2+ cations. However, due to its high reactivity, there are no vibrational spectra available in the literature for the isolated monophophate in the gas phase, and such measurements are usually performed in water solution. Despite the profuse efforts [30] [31] [32] [33] [34] [35] [36] [37] , the characterization of the vibrational modes of orthophosphate anion in aqueous solution is per se a huge challenge, since PO ion. Furthermore, since orthophophate anions are common to every apatite structure, it is evident that the simple detection of the PO
3− 4
modes can not be sufficient to distinguish the composition variety in the apatite class.
In this paper, using ab initio theoretical methods, we first investigate the effects of the solvent on the vibrational properties of PO 3− 4 , then we illustrate the dependence of the vibrational modes of the phosphate group in fluor-apatite, hydroxy-apatite, and carbonated fluor-apatite crystals. We also discuss features of the vibrational spectrum associated with crystalline effects and chemical composition. Our results point clearly to the effect of the local environment on the overall vibrational properties of the system, providing a set of representative vibrational markers univocally associated to microscopic nature of each crystal. This provides a quantitative reference for experiments to improve the current understanding in investigative and therapeutic studies of calcified tissues. More generally, the systematic identification of such chemical fingerprints is a mandatory step towards the standardization of clinical protocols.
RESULTS AND DISCUSSION

Phosphate's vibrational modes
The PO
3− 4
ion has a T d tetrahedral symmetry and nine vibrational modes corresponding to the representation Γ vib = 2T + E + A; the four different frequencies are labelled ν 1 , ν 2 , ν 3 , and ν 4 . The non-degenerate frequency ν 1 corresponds to the symmetric P-O stretching (A 1 symmetry), ν 2 corresponds to the doubly degenerate O-P-O bending mode (E symmetry); ν 3 frequency arises from the triply degenerate T 2 mode involving the asymmetric P-O stretching and also P motion. The ν 4 mode (T 2 symmetry) is associated to the triple degenerate asymmetric O-P-O bending. All the modes are Raman active, while only ν 3 and ν 4 are infrared active. When the orthophosphates are in aqueous solution to form HPO 2− 4 and H 2 PO − 4 ions the symmetry is reduced to C 3v and C 2v , respectively. This implies the progressive split of the degenerate vibrations, the shift of the non-degenerate ones and activation of the previously infrared-forbidden modes ν 1 and ν 2 . The coordination with the water molecules of the solution and the formation of H-bonds changes the charge distribution within the phosphate ions, further affecting the vibrational spectrum of the PO 3− 4 ion [38, 39] . The first step for the simulation of the (harmonic) vibrational properties is the identification of an equilibrium structure. Due to the high charge unbalance, the ideal orthophosphate structure in vacuum is electronically not stable. Thus, following experimental indications, we simulated the stability and the vibrational properties of PO [39] . The anion charge is neutralized by three Na + counterions [33, 38] . During the total-energy-and-force optimization ( i.e. no thermal effects) the system undergoes a sequence of protonation/deprotonation reactions that changes the final charge state of phosphate. Initially (panel 2), one water molecule close to the phosphate group spontaneously dissociates (H 2 O → H + +OH − ). Then (panel 3), the released proton is captured by PO 3− 4 that transforms into HPO 2− 4 . At the same time a second water molecule dissociates. Panels 4 and 5 show a progressive proton transfer that moves the remaining hydroxide molecule far away from the phosphate group and closer to a Na + counterion. This relaxation process demonstrates that the fully deprotonated state is not stable at neutral pH, in agreement with the experiments that adopted basic conditions (pH>13) [30, 31] to stabilize the orthophosphate anion.
In order to overcome this problem, we optimized the orthophosphate ion within an implicit CSM which reproduces the dielectric response of the solvent (panel 6). The vibrational frequencies of the corresponding ground state structure are summarized in Figure2(b) and Table I . Our results reproduce the four bands (ν 1 − ν 4 ) of PO 3− 4 , with the correct degeneracies derived by the symmetry analysis. The computed frequencies are in quantitative agreement with the experimental IR and Raman measurements [30, 33] . In order to estimate the effect of the environment (i.e. water solvent vs apatite crystal) and of the hydration state we calculated the vibrational properties of PO in aqueous solvent. The modification of the embedding polarization medium does not substantially affect the vibrational modes of orthophosphate, allowing us a direct comparison with apatite structures (see below), while the change of charge state ( i.e. hydration) imparts the splitting and shifting of the original vibrational bands expected by the symmetry analysis discussed above. Notably, in the case of HPO 2− 4 one negative frequency, associated to OH displacement, results from dynamical matrix diagonalization. We accurately checked that the negative frequency is not an artefact or a limit of the simulation process, but rather it is the expression of a structural instability, associated to a saddle point of the total-energy surface. In other terms, this reproduces the tendency of the OH termination of moving in space, being dynamically polarized by the environment ( e.g. the surrounding water molecules). A similar behavior has been reported in the case of the theoretical analysis of hydroxyapatite [40] .
Structural features of apatites
Apatite is a family of molecular crystals [M 5 (PO 4 ) 3 X] 2 that occur in nature in several crystalline phases ( e.g. hexagonal, monoclinic) and several compositions (M=Ca 2+ , Sr
4 ) symmetrically arranged with respect to a mirror glide plane, corresponding to an ideal P6 3 /m space group (n. 176, see Figure S1 in SI), are a typical feature of apatite crystals. Most of the experimental and theoretical spectroscopic investigations on apatite focused mostly on the phosphate group. The other elements that compose the mineral or the presence of substituents and impurities received limited attention although their are essential to distinguish different apatites.
In order to highlight subtleties beyond the phosphate group, we focus on three calcium structures, namely fluor-apatite (FAp), hydroxy-apatite (HAP), and carbonated fluor-apatite (CFAp) in their hexagonal crystalline phase. The three crystal structures are shown in Figure 1 . Each system includes two [Ca 5 (PO 4 ) 3 X] (X=F,OH) units symmetrically distributed on two parallel planes (labeled a-plane in Figure S1 of SI). Two inequivalent sets of Ca atoms forms either a columnar Ca-wires parallel to c-axis, or or two triangles lying on two planes perpendicular to the c-axis, which form Ca-channels that host the non-metal X species ( Figure S1 ). Florine atoms (FAp, CFAp) also lie on the a-plane, while OH − ions in HAp are aligned head-to-tail with the c-axis. In the case of CFAp, one phosphate unit is substituted by a carbonate (CO 2− 3 ) group plus one OH − (Figure 1c) to maintain the charge neutrality of the crystal. Ground-state atomic relaxation has been reached without imposing any symmetry constrain. A summary of the resulting ground-state electronic properties is reported in SI. Lattice parameters and internal coordinates have been fully optimized, the resulting lattice constants are a 0 =9.51Å, c= 6.98Å; a 0 =9.42Å, c= 6.88Å and a 0 =9.52Å, c= 6.92Å for FAp, HAp and CFAp, respectively, in excellent agreement with experimental (Neutron scattering and X-ray) results [41, 42] and previous DFT calculations [40, 43] . The optimized FAp geometry is very close to the experimental one [44] and converges to a highly symmetric structure associated to the S 6 (−3) point group. The inclusion of hydroxyl and carbonate units increases the atomic disorder within the unit cell and distorts the ideal tetrahedrical (T d symmetry) of the phosphate group, giving as a results an overall reduction of the symmetry of the HAp and CFAp crystals. In particular, the aligned hydroxyl groups in HAp breaks the mirror operation with respect to the glide plane, reducing the symmetry to C 6 (6). The inclusion of the CO 3 and OH fragments in CFAp cancels all symmetry operations except identity (C 1 point group). acoustic modes. Modes A, 1 E 1 , 2 E 1 are IR active, all modes except B are Raman active. Finally, CFAp has 43 atoms per cell and 129 A phonon modes (C 1 symmetry), three of which are acoustic, all the others are IR and Raman active.
While most previous experimental and theoretical reports restrict their study to the Brillouin zone center (Γ) phonons, we provided a full characterization of the dielectric ( e.g. dielectric tensor, Born charges, Raman tensor) [45] and vibrational ( e.g. phonon dispersion and phonon density of states) properties of the selected FAp, HAp, and CFAp apatites. Results are summarized in SI. As observed for HPO 2− 4 case, one negative frequency constantly appears when OH fragments are included in the crystal (namely, HAp and CFAp), which is an indication of the instability of OH bond orientation due to the polar environment [40] . The phonon branches of all systems ( Figure S4, SI Starting from the vibrational and dielectric properties we simulated the IR and Raman spectra of the selected apatites (Figures 3) . Polarized Raman spectra along with the table with polarization selection rules for backscatteing geometries are reported in Figure S5 of SI.
Here, we focus on the frequency range [400−1300] cm −1 , which corresponds to the phosphate bands; lower energy modes [0 − 400] cm −1 will be discussed in the next Section. The crystalline field induces distortions in the PO [48] , which implicitly involves a redistribution of the vibrational frequencies (see above), further complicates this analysis. Table II summarizes the present theoretical results and a few experimental data from IR and Raman measurements. The comparison with the experiments makes evident a remarkable variation, not only for different apatites, but also within the same composition. The total range of variability for each PO 3− 4 mode and for each apatite is displayed for comparison as colored vertical bar in Figure  3 .
Despite such variations, the theoretical IR and Raman spectra are in general good agreement with the experimental measurements on fluoro- [49] [50] [51] hydroxy- [52] [53] [54] and carbonated-fluoro-apatites [55] , well reproducing the energy position of the peaks and the their relative intensity relations ( i.e. the shape of the spectra reproduces the experiments). In particular, it is easy to distinguish for each apatite the same set of four bands associated to the phosphate vibrations. The theoretical results are slightly blue-shifted with respect to the experimental ones, especially for higher frequency bands ν 1 and ν 3 . This is a recurring behavior in ab initio phonon calculations, reported also in previous Γ-point simulation for HAp crystal [40] . In agreement with experiments [49, 54, 55] , the modes ν 1 and ν 2 are hardly detectable in IR spectra (see arrows in panel a). This is reminiscent of the IRinactive nature of the corresponding modes in the ideal PO Figure S5 , SI) allows also to assign the symmetry of the mode to Raman peaks. For example, it results that for FAp, the ν 1 peak has a A g character, while the ν 3 band is a combination of two A g and three E g modes, in agreement with microRaman polarized experiments [49] .
Beyond the phosphate's modes
The identification of the phosphate modes, albeit important in the apatite recognition, is not sufficient to explain the complexity of vibrational spectra of these minerals. For instance, the longrange Coulomb interaction associated to the internal polar character of apatites leads to a net LO-TO splitting to several phonon bands ( Figure S4 , SI). These contributions have an important effect also on the vibrational spectra, as explicitly demonstrated in Figure 3a for the FAp case (gray area), and are responsible, e.g., for the double-peaked shape of the ν 3 band, which is a distinctive characteristics of the IR spectra [49] . This feature cannot be justified on the basis of the PO Figure S4 of SI. However, some characteristic phonons associated to single (not phosphate) elements can be easily pinpointed. On the experimental side, lattice modes were traditionally difficult to detect, and most papers published between '60s and '80s did not consider this frequency range. Nowadays, the improvements in IR and Raman techniques allow for a direct investigation of these spectral features [48, 49] . From top to bottom panel, Figure 4 (a) shows the Raman spectra relative to the lattice modes of FAp, HAp, and CFAp, respectively. First of all, we observe that, at odds with Figure 3 where all spectra had in common the same four-folded band structure, the lattice modes have unique spectral features depending on the composition. The lower is the symmetry of the crystal the broader is the spectrum. Calcium, because of its larger mass, contributes to the majority of peaks in the range. However, since calcium is common to the three structures, Ca-derived phonons are not useful to discriminate the three type of apatite. On the contrary, F and OH have specific features that can be isolated and used to fingerprint the chemical composition. In fluoroapatite, F has characteristic peaks at 86, 107 and 282 cm −1 (top panel). The same features are present at the same frequency also in CFAp, while are absent in hydroxapatite. In a similar way, HAp and CFAp spectra have the same three-peaked structure in the range 309-364 cm −1 associated to OH librational modes in agreement with experimental results (335 cm −1 ) [48] . However, since in HAp and CFAp the number and the symmetry of OH ions are different, we also identify specific OH-derived peaks in the two spectra which account for the different local environment. Atomic contribution are proved by the graphical inspection of the single phonon modes and the simulation of Raman spectra with isotopic 16 O/ 18 O and 19 F/ 18 F substitutions ( Figure S6 , SI). This proves that the Raman spectroscopy in the low-frequency region is a very powerful tool for the fine detection of the apatite structure and composition.
In order to further prove this statement, we considered three alternative apatite crystals that have been experimentally studied, namely Sr-fluoroapatite (SrFAp), antiparallel hydroxyapatite (HAp ↑↓ ) and hydroxy-fluoroapatite (HFAp), whose atomic structures are shown in Figure 5 . SrFAp is obtained from FAp upon strontium substitution of Ca atoms. The larger radius of Sr with respect to Ca causes an enlargement of the lattice parameters (a 0 =10.05Å, c=7.13Å) while the symmetry of the relaxed crystal (S 6 (−3)) is maintained. HAp (↑↓) differs from HAp for the spatial distribution of the OH ions that are parallel ↑↑ aligned (i.e. head-to-tail) in HAp and antiparallel aligned ↑↓ (i.e. tail-to-tail) in HAp (↑↓ ). The inversion of one OH ion increases the symmetry of the crystal (now C 3 (3)), due to the inversion operation with respect to the glide plane. On the contrary, the substitution of one F with an OH ion in HFAp breaks the internal symmetry of the crystal that reduces to C 1 point group. By comparison with the three reference cases described above, these three examples helps in understanding: (i) the effect of Ca ion, (ii) the effect of order and alignment in hydroxyapatites, and (iii) the effect of having mixed F and OH element in the central Ca ion channels. The polarized micro-Raman spectra are summarized in Figure S7 of SI.
The high frequency Raman spectra of SrFAp, HAp (↑↓) , and HFAp are in agreement with the phosphate analysis discussed above, the low energy spectra are shown in Figure 4(b) . The larger mass of Sr with respect to Ca induces an overall shrinking and a red-shift of the spectrum (top panel). Two characteristic F peaks similar to FAp, can be easily identified. The spatial inversion of one OH unit in hydroxyapatites (from HAp (↑↑ ) to HAp (↑↓ )) mostly affects the high-intensity peak of HAp at 109 cm −1 , associated to vertical OH-OH vibrational mode, which becomes strongly quenched in HAp ↑↓ . The identification of this spectra features would allow to get information not only on the composition of the mineral (i.e. the presence of OH ions), but also on their local spatial distribution. Finally the coexistence of both F and OH in the central Ca-channel shows the main fingerprints of the separate systems: F-derived peak at 96 and 287 cm −1 and OH-derived peaks at 102 and 302 cm −1 . Furthermore, new distinctive F-OH features now appear at 180 and 319 cm −1 , not observed in the other structures. In summary, selected features in the IR and Raman spectra of calcium orthophosphates have been used extensively to characterize the chemical composition of biomininerals and analyze the interplay between chemistry, crystals nanoscale morphologies, and biological functions. The value of such spectroscopic techniques for in vivo and/or in situ analysis is unquestionable, especially in the research regarding calcified tissue deterioration. Other techniques, such as X-ray photoemission, may easily provide interpretation but are not generally applicable to monitor chemical changes, for instance, during fluorination. We have shown that theoretical spectroscopies provide a solid tool to quantitatively fingerprint spectra and extract information until now mostly ignored. Our results point to the crucial contribution of the solvent in analyzing spectra of phosphate ions, show how phosphate modes are affected by surrounding ions, and present strategies to quantitatively detect the chemical composition of apatites by analyzing the full vibrational spectrum. The synergy between first principles vibrational spectroscopies and experiments could facilitate the study of normal or pathological calcified tissues.
METHODS
Total-energy-and-forces optimization where carried out within the density functional theory (DFT) framework, as implemented in the Quantum Espresso [56] (QE) suite of codes. The exchange-correlation functional is described by using the vdW-DF2-B86R [57, 58] formulation of generalized gradient approximation. The use of vdW-DF corrections to describe non-bonding interactions was essential to stabilize the structure and lead to quantitatively agreement with available experimental data in apatites. Ultrasoft pseudopotentials [59] are used to treat the ionic potentials. Semicore 3s3p electrons of Ca are explicitly accounted in the valence shell. Single particle Khon-Sham orbitals (charge densities) are expanded in plane waves up to a kinetic energy cutoff of 40.0 Ry (800.0 Ry), respectively. A uniform (4 × 4 × 6) k-point grid is used for summations over the Brillouin zone. The convergence thresholds for the geometrical optimizations are set to 10 −14 Ry for the total energy and 10 −10 Ry/au for the forces.
Underestimation of the band gap with the standard DFT functionals is corrected by including a Hubbardlike potential on each chemical species, within the DFT+U frameworks along the lines described, e.g., in Refs. 60, 61. The optimized values for the studied compounds are obtained by means of the pseudohybrid Hubbard Density Functional approach (namely ACBN0) [62] and summarized in the SI (Tab. S1). The effects of the ACBN0 approach on the structural, electronic and vibrational properties of inorganic semiconductors have been largely tested in previous reports (see e.g. Refs. 45, 63, 64) .
The phonon eigenvalues and eigenvectors are computed starting from the ab initio calculation of the interatomic force matrices obtained with a finite-differences/finite-fields approach [45] , also implemented in the QE suite, that has been demonstrated to be computationally very efficient in the simulation of the vibrational spectra of both inorganic [45] and molecular crystals [65] . ACBN0, DFT and phonon calculations have been run by using the automatic workflows implemented in the AFLOWπ infrastructure [66, 67] . where a jellium background is inserted to remove divergences in the charged cells. The dielectric effect of the environment (both water and apatite) on molecular phosphates is included through the continuum solvation model (CSM), [68] implemented in the ENVIRON [69] add-on to QE. The stability of the orthophosphate ion in water is simulated in an explicit solvent model (ESM), in which solvent molecules are treated on the same atomistic ground as the solute. In this case, 3 Na + counter ions are included in the supercell to compensate the charges of phosphate, so that the overall system (1 PO 
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